Key Points:
• Quiescent endothelial cells secrete extracellular vesicles that can be taken up by monocytes to suppress their activation. • MiR-10a is transferred to monocytic cells and inhibits the activation of the proinflammatory NF-κB pathway.
Abstract:
The blood contains high concentrations of circulating extracellular vesicles (EVs), and their levels and contents are altered in several disease states, including cardiovascular disease. However, the function of circulating EVs − especially the microRNAs that they contain − are poorly understood. We sought to determine the effect of secreted vesicles produced by quiescent endothelial cells (ECs) on monocyte inflammatory responses, and to assess whether transfer of microRNAs occurs between these cells. We observed that monocytic cells co-cultured (but not in contact) with ECs were refractory to inflammatory activation. Further characterization revealed that endothelium-derived EVs (EC-EVs) suppressed monocyte activation by enhancing immunomodulatory responses and diminishing pro-inflammatory responses. EVs isolated from mouse plasma also suppressed monocyte activation. Importantly, injection of EC-EVs in vivo repressed monocyte/macrophage activation, confirming our in vitro findings. We found that several anti-inflammatory microRNAs were elevated in EC-EV-treated monocytes. In particular, miR-10a was transferred to monocytic cells from EC-EVs and could repress inflammatory signaling through the targeting of several components of the NF-κB pathway, including IRAK4. Our findings reveal that ECs secrete EVs that can modulate monocyte activation, and suggest that altered EV secretion and/or microRNA content may affect vascular inflammation in the setting of cardiovascular disease.
For personal use only. on October 15, 2017 . by guest www.bloodjournal.org From
Introduction:
Vascular endothelial cells (ECs) recruit circulating monocytes to regions of vascular injury and/or infection 1 . Following their entry into the vessel wall, monocytes differentiate into macrophages, which drive an inflammatory response to neutralize invading pathogens, repair tissue damage or activate other immune cells 2 . Monocyte and macrophage phenotypes are highly heterogeneous and can be dynamically modulated by the microenvironment [3] [4] [5] . Classical activation promotes a pro-inflammatory (M1-like) response, that includes the secretion of pro-inflammatory cytokines and reactive oxygen and nitrogen species, and is driven by exposure to bacterial lipopolysaccharide (LPS) or Th1 cytokines such as Interferon-γ 4 . Conversely, exposure to Th2 cytokines such as IL-4, IL-10 or IL-13 supports alternative activation, which is an immunomodulatory, pro-angiogenic and tissue reparative (M2-like) response that includes the secretion of IL-10 and transforming growth factor β (TGF-β) 4 . The balance of pro-inflammatory vs. immunomodulatory responses appears to play an important, but poorly understood role in cardiovascular pathologies 4, [6] [7] [8] . Both transcriptional pathways (e.g. IRF5, NF-κB, STATs 9 ) and post-transcriptional regulators (e.g. microRNAs [10] [11] [12] [13] [14] play key roles in modulating monocyte/macrophage phenotype.
Extracellular vesicles (EVs) of diverse size, composition and cellular origin are abundant in the circulation 15 . These EVs include exosomes, microparticles (MPs) and apoptotic bodies (ABs). Secreted EVs can be taken up by target cells, and cell-surface and encapsulated EV proteins can modulate cellular signaling pathways in the recipient cell 16 . In addition, microRNAs are packaged into EVs and can alter target gene expression in recipient cells 17 . For example, ECs secrete EV-encapsulated microRNAs that can be taken up by smooth muscle cells in vitro 18 . The abundance and type of EVs as well as their contents can vary during disease progression and this has provided an impetus to measure these parameters as circulating biomarkers 15, 19 . However, the functional consequences of these EV alterations are poorly understood. In inflammatory conditions, the levels of circulating MPs and ABs are highly elevated 15, 20 . MPs drive EC and monocyte activation, and promote chronic vascular inflammatory diseases, such as atherosclerosis, and can be quantified and utilized as independent risk factors for adverse cardiovascular events 20 . In contrast, ABs derived from ECs have been shown to promote vascular repair and to inhibit atherogenesis through their transfer of miR-126 to recipient ECs 21 . The role of EVs secreted from quiescent ECs, and their contribution to vascular homeostasis is still poorly understood.
MicroRNAs have been implicated as key regulators of inflammatory signaling pathways in ECs and monocytes/macrophages 22, 23 . Several microRNAs that are highly expressed in ECs are known to inhibit the pro-inflammatory NF-κB transcriptional pathway. For example, miR-146a targets adaptor proteins to limit NF-κB signaling 24 and miR-10a represses the expression of proteins that destabilize IκB 25 . Finally, miR-181b represses importin-α3 to inhibit NF-κB nuclear import 26 . These microRNAs likely play a co-operative role in suppressing EC activation. In the current study we have assessed whether ECs can modulate myeloid inflammatory responses through secretion of EVs containing anti-inflammatory microRNAs. We find that EVs secreted from unstimulated (i.e. quiescent) ECs have potent anti-inflammatory properties in vitro and in vivo, and this appears to be due in part to the transfer of anti-inflammatory microRNAs, including miR-10a, to recipient monocytes/macrophages. Our studies suggest that circulating EVs and the microRNAs that they contain may have a significant impact on the responsiveness of monocytes/macrophages to inflammatory mediators, and that alterations to EVs may impact cardiovascular disease progression.
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Results:
ECs suppress monocytic pro-inflammatory responses through a process that does not require direct cell-to-cell contact: To assess cellular communication between ECs and monocytes we established a co-culture system where human umbilical vein ECs (HUVECs) were cultured together with the human monocytic cell line, THP-1 or primary human monocytes, separated by a 1 μm transwell filter ( Fig. 1A) . Following mono-culture or co-culture, THP-1 cells or primary monocytes were removed from transwell inserts and activated by lipopolysaccharide (LPS) stimulation. Co-culture suppressed monocyte activation, as assessed by expression of IL-12p40, IL-23p19, IL-1β and TNF-α ( Fig. 1B,C) . We considered whether ECs secrete EVs that are taken up by monocytes. Confocal analysis revealed that THP-1 cells co-cultured with membranelabeled ECs took up the label, demonstrating transfer of membranous vesicles from ECs to monocytic cells ( Fig. 1D ).
Endothelium-derived extracellular vesicles (EC-EVs) suppress monocyte activation and polarize monocyte responses to LPS:
To test whether EC-EVs are involved in suppressing monocyte activation we isolated EVs from EC culture medium using ultracentrifugation. Nanoparticle analysis demonstrated that the isolated EVs were ∼50-300 nm in size (Mode = 142 ± 2.6 nm, Fig. 2A ), consistent with the size of exosomes or small MPs. Western blot analysis revealed that EC-EVs expressed high levels of CD63, an exosomal marker ( Fig. 2B ). To determine the effect of EC-EVs on monocytic cell activation, we added purified EC-EVs to THP-1 monocytic cells for 18 h, followed by stimulation with LPS. EC-EVs dose-dependently suppressed the activation of pro-inflammatory genes (e.g. IL-12p40, IL-23p19, TNF-α, IL-1β), while simultaneously enhancing markers of alternative activation or immunomodulatory responses (e.g. IL-10, MRC1 and TGF-β) ( Fig. 2C , S1A, S2A), suggesting that EC-EVs can polarize monocyte responses. Addition of EC-EVs to primary monocytes also suppressed a subset of pro-inflammatory genes, while enhancing expression of MRC-1 and TGF-β ( Fig. 2D, S2B ). The suppression of IL-12p40 secretion from THP-1 cells and primary monocytes was confirmed by ELISA ( Fig. 2E ). Although addition of EC-EVs polarized the basal expression of proinflammatory/immunomodulatory markers in unactivated THP-1 cells ( Fig. S1B ), this was less pronounced in primary monocytes ( Fig. S1C ). EC-EVs isolated from human coronary artery ECs also modulated monocytic cell activation and polarization in response to LPS stimulation, suggesting that this effect is not limited to HUVEC-derived EVs (Fig. 2F ).
We next sought to determine whether circulating EVs have anti-inflammatory properties in vivo. To this end we isolated EVs from the plasma of young, healthy mice ( Fig. 3A ). Plasma EVs have both endothelial and non-endothelial cell origins (e.g. red blood cells, leukocytes and platelets). However, due to the lack of cell-of-origin markers on exosomes, the relative contribution of these diverse cell types to plasma EV pools can not currently be determined. Quantification of EVs in plasma by nanoparticle analysis revealed that there were ~1.8 x 10 11 (± 0.33 x 10 11 ) particles/mL. Importantly, our in vitro experiments utilizing EVs isolated from ECs used approximately ~2.1 x 10 10 (± 0.29 x 10 10 ) particles/mL, suggesting that this is not a supraphysiological dose of EVs. Similar to EC-EVs, addition of plasma EVs to THP-1 cells ex vivo suppressed induction of pro-inflammatory genes while simultaneously activating IL-10 expression in response to LPS ( Fig. 3B ), but had only a modest effect on these genes in unactivated cells ( Fig. S3A ).
To determine if HUVEC-derived EVs can suppress inflammation in vivo, we utilized a mouse peritonitis model, where thioglycollate was injected into the peritoneum to induce monocyte recruitment and macrophage differentiation 30 . We then injected PBS or EC-EVs into the peritoneum and assessed the inflammatory response of the recruited leukocytes to LPS challenge (injected i.p.) the following day ( Fig. 3C ). EVs have previously been used in cross- 31, 32 . Importantly, neutrophil and macrophage markers were unchanged in response to EC-EV injection into the peritoneum (Fig. S3B ). In LPS stimulated mice, EC-EVs suppressed the induction of pro-inflammatory genes, such as TNF-α, iNOS and IL-1β, while significantly enhancing the expression of Arg1, a murine marker of immunomodulatory responses (Fig. 3D ). The expression of proinflammatory/immunomodulatory markers in non-LPS stimulated mice were largely unaffected ( Fig. S3C ) and IL-12p40, IL-23p19 and IL-10 were expressed at extremely low levels in unactivated and LPS-injected mice (data not shown), and no changes were observed in their expression ( Fig. 3D, S3C ).
EC-EVs inhibit NF-κB signaling and IRF5 expression:
Many pro-inflammatory genes require NF-κB signaling for their induction 33, 34 . We therefore assessed the effect of EC-EVs on activity of an NF-κB-dependent luciferase reporter. Addition of EC-EVs to THP-1 cells suppressed the basal and LPS-stimulated activity of the reporter (Fig. 4A ). We next assessed whether inhibition of NF-κB signaling could recapitulate the effects of EC-EVs. Indeed, the induction of proinflammatory genes in LPS-stimulated THP-1 monocytic cells was suppressed by the IKK inhibitor, TPCA-1 ( Fig. 4B ). However, LPS induction of immunomodulatory genes, such as TGF-β and IL-10 was not enhanced in monocytic cells treated with the NF-κB inhibitor (data not shown). IRF5 is a marker of monocyte/macrophage polarization that has previously been implicated in the induction of pro-inflammatory genes, while simultaneously suppressing immunomodulatory genes 6, 35 . Consistent with the polarization effects of EC-EVs, we found that IRF5 expression was significantly inhibited by EC-EV treatment of THP-1 cells or primary monocytes ( Fig. 4C,D) . Additionally, the expression of Irf5 was reduced in peritoneal leukocytes exposed to EC-EVs in vivo (Fig. 4C ). EC-EVs can therefore suppress transcriptional pathways (i.e. NF-κB and IRF5) that are known to be indicative of polarized monocyte/macrophage activation.
EC-EVs transfer microRNAs to recipient monocytic cells:
Since EVs can transfer their microRNA contents to recipient cells in other cellular contexts 17 , we tested whether microRNAs could be transferred from ECs to monocytic cells in the absence of cell-cell contact. Indeed, transfection of the C. elegans-specific microRNA, miR-39, into ECs resulted in a time-dependent accumulation of miR-39 in co-cultured THP-1 cells ( Fig. 5A ). To establish that microRNAs can be transferred from EC-EVs to peritoneal leukocytes in vivo we electroporated miR-39 into EC-EVs and injected these miR-39-loaded EVs into the peritoneum three days following thioglycollate challenge. Isolation of peritoneal leukocytes, spleen, bone marrow and peripheral blood 24 h after EV injection revealed that EVs (as assessed by miR-39 expression) were primarily taken up by peritoneal cells (Fig. S3D ). To identify the repertoire of microRNAs that might be transferred from ECs to monocytic cells we performed qPCR microRNA arrays on THP-1 cells treated with EC-EVs and compared this to untreated cells (data not shown). qRT-PCR was utilized to validate several of the microRNAs identified as differentially expressed (Fig.  5B ). As anticipated, the EC-enriched microRNA, miR-126-3p, which has been implicated in the suppression of inflammation 36, 37 , was elevated in EC-EV-treated monocytic cells. Interestingly, several other microRNAs with a known role in the repression of inflammatory signaling (i.e. miR-10a, miR-146a/b, miR-147a, miR-181b [24] [25] [26] 38, 39 ) were also increased in the recipient THP-1 cells: most notably miR-10a (Fig. 5B ). The majority of these microRNAs were also elevated in EC-EV-treated primary monocytes ( Fig. S4A ). MiR-10a, miR-181b and miR-126-3p were abundant in HUVEC and EC-EVs ( Fig. S4B,C) . Interestingly, miR-10a was significantly enriched in EVs compared to the cells of origin, while miR-126-3p and miR-181b were not (Fig.  S4D ). This suggests that miR-10a may be selectively loaded into EC-EVs. Importantly, a similar repertoire of microRNAs were contained in EVs isolated from coronary artery ECs (CAECs)
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To determine whether miR-10a was directly transferred to monocytic cells we utilized several independent approaches. Addition of increasing concentrations of EC-EVs resulted in a dose-dependent increase of miR-10a in THP-1 cells (Fig. 5C ). Importantly, miR-10a levels rapidly increased in monocytic cells treated with EC-EVs, but the primary miR-10a transcript was not induced, suggesting a lack of transcriptional induction ( Fig. 5D ). Co-culture of THP-1 monocytic cells with ECs resulted in increased levels of miR-10a and miR-126-3p in monocytic cells ( Fig. 5E ), suggesting a transfer from ECs, where these microRNAs are highly expressed. In addition, transfection of miR-10a mimic into ECs resulted in an increase in miR-10a in cocultured monocytic cells ( Fig. 5F ). Furthermore, miR-10a levels were elevated in peritoneal cells isolated from mice injected i.p. with EC-EVs compared to PBS injection (Fig. 5G ). To establish that transcription is indeed not required for miR-10a induction we pre-treated THP-1 cells with the transcriptional inhibitor Actinomycin D. EC-EV-mediated induction of miR-10a was not affected by Actinomycin D treatment ( Fig. 5H ). However, expression of the short-lived transcript, TNF-α was reduced in Actinomycin D treated cells, demonstrating the effectiveness of the dose used ( Fig. 5H ). Taken together, these data provide evidence that miR-10a is directly transferred from EC-EVs to monocytic cells.
MiR-10a, miR-126 and miR-181b can suppress pro-inflammatory monocytic cell activation:
Since several microRNAs were elevated in EC-EV-treated monocytic cells ( Fig. 5B ), we sought to determine whether over-expression of any one of these microRNAs could recapitulate the EC-EV effects on the polarization of monocyte activation. We individually over-expressed miR-10a, miR-126, miR-146a, miR-146b, miR-181b or miR-340 in THP-1 monocytic cells ( Fig. 6A and Fig. S5A ) or in ECs co-cultured with THP-1 cells ( Fig. 6B and Fig. S5B ). Interestingly, overexpression of miR-10a, miR-126 or miR-181b could suppress the induction of pro-inflammatory genes in THP-1 cells stimulated with LPS, while miR-146a/b and miR-340 did not have significant effects. Modest elevation of immunomodulatory genes (which did not consistently reach statistical significance) was observed with miR-10a transfection. Over-expression of miR-10a in primary bone marrow-derived macrophages (BMDMs) also suppressed pro-inflammatory gene expression in both unstimulated and LPS/IFN-γ-stimulated cells (Fig. 6C ). To further assess the role of endogenous and EC-EV-derived miR-10a in monocyte activation, we inhibited miR-10a in THP-1 cells prior to treating them with EC-EVs. While EC-EVs were able to suppress the induction of pro-inflammatory genes in control inhibitor-treated monocytic cells, the effect of EC-EVs on these genes was attenuated in miR-10a inhibited monocytic cells (Fig. 6D ). In addition, the induction of the immunomodulatory marker, MRC1, was abrogated in miR-10a inhibited monocytic cells, although the induction of IL-10 and TGF-β1 was unaffected (Fig. 6D) . Taken together, these results suggest that miR-10a contributes to the suppression of proinflammatory genes and may modestly affect immunomodulatory responses.
MiR-10a represses NF-κB signaling:
MiR-10a was previously shown to suppress NF-κB signaling in ECs through the repression of β-TRC and MAP3K7/TAK1: effector molecules required for IκB degradation, and hence NF-κB activity 25 . Importantly, monocytic cells treated with EC-EVs have reduced NF-κB activity (Fig. 4A ). We identified IRAK4, a known regulator of NF-κB signaling, and latent TGF-β binding protein (LTBP1), a suppressor of TGF-β signaling, as novel potential miR-10a target genes (Fig. S6 ). We first assessed whether IRAK4 or LTBP1 were targets of miR-10a by cloning a portion of the 3' UTRs of these genes downstream of a luciferase open reading frame (Fig. 7A ). As previously demonstrated 25 , luciferase constructs containing the BTRC 3' UTR were repressed by miR-10a over-expression. While LTBP1 was not regulated by miR-10a, the 3' UTRs of both mouse and human IRAK4 were regulated by miR-10a (Fig. 7A ).
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Discussion:
Here we demonstrate that quiescent ECs secrete extracellular vesicles (EC-EVs) that have potent anti-inflammatory activities. Primary monocytes and THP-1 monocytic cells treated with EC-EVs in vitro and peritoneal leukocytes exposed to EC-EVs in vivo have reduced pro-inflammatory responses and enhanced immunomodulatory responses, and this is accompanied by suppressed NF-κB signaling and reduced levels of IRF5. The anti-inflammatory effects of EC-EVs appear to be attributable in part to the transfer of miR-10a from EC-EVs to monocytes/macrophages. Exogenous miR-10a suppresses NF-κB activity by targeting several components of the NF-κB pathway, including IRAK4, β-TRC and MAP3K7. In addition, we find that miR-126 and miR-181b are also increased in EC-EV-treated monocytic cells, and over-expression of these microRNAs can suppress monocyte activation. These anti-inflammatory microRNAs may act together to suppress monocyte activation. Importantly, these microRNAs are conserved between mouse and human, which may explain why human EC-EVs can potently inhibit the activation of mouse leukocytes. It is likely that proteins or lipids contained in EC-EVs also contribute to their anti-inflammatory and immunomodulatory effects.
Monocytes are continually exposed to EVs in the circulation, but little is known regarding the functional consequences of EV uptake. Prior studies have revealed that endothelium-derived MPs (EMPs), which are present at elevated levels in chronic inflammatory states, are preferentially taken up by monocytes compared to neutrophils and lymphocytes, and that exposure to EMPs leads to monocyte activation 40 . In contrast, our studies suggest that healthy, quiescent endothelium secretes EVs (exosomes and small MPs) that reduce the magnitude of pro-inflammatory responses and shifts monocyte activation towards an immunomodulatory response. We have additionally found that these EC-EVs can suppress EC activation (our unpublished results), suggesting that their protective effects may extend beyond the regulation of monocyte activation. Endothelial dysfunction and activation occur in various chronic cardiovascular disease states 41 , and this likely contributes to alterations in the levels and types of EVs (i.e exosomes vs. MPs vs. apoptotic bodies) in circulation, as well as modulating their contents; ultimately influencing their function. For example, MP secretion is enhanced from ECs and leukocytes exposed to inflammatory mediators, and these vesicles have been shown to promote monocyte activation, thrombosis and the dysfunction/activation of ECs during atherogenesis 15, 40 . Interestingly, we have found that EVs isolated from acutely activated ECs lose some of their anti-inflammatory properties ( Fig. S7 ), suggesting that altered EV function may be an early event in vascular inflammatory disease.
Our findings provide a new paradigm for the role of ECs in orchestrating vascular inflammation in cardiovascular disease. We propose that the anti-inflammatory activities of EVs that we have observed in healthy mice may be lost during disease pathogenesis, and we anticipate that this can influence the activation state of circulating monocytes. This may in turn influence the type of macrophage response (i.e. pro-inflammatory or immunomodulatory) that occurs in the setting of vascular inflammation. Interestingly, recent studies have revealed that MPs isolated from patients with coronary artery disease contain less microRNA and have defects in their ability to transfer these microRNAs to recipient cells 42 . Our findings show that EVs that are constitutively secreted by ECs harbor protective microRNAs that can be transferred to monocytes. We speculate that MPs present in chronic inflammatory conditions may lack this repertoire of microRNAs or they may contain inflammatory mediators (i.e. protein or lipid) that over-ride this anti-inflammatory effect.
MiR-10a appears to play a critical role in the inflammatory response. For example, circulating levels of miR-10a are reduced in patients suffering from acute pancreatitis 43 , and exposure to microbiota can down-regulate miR-10a in dendritic cells in an NF-κB-dependent manner 44 . Importantly, miR-10a levels are also decreased in atherosclerotic plaque 45 . In contrast For personal use only. on October 15, 2017. by guest www.bloodjournal.org From to the down-regulation of miR-10a by inflammatory stimuli, elegant studies have shown that laminar shear stress enhances EC miR-10a expression, while disturbed flow (which is accompanied by NF-κB activation) represses miR-10a expression 25 . Fang et al demonstrate that miR-10a inhibits NF-κB signaling and EC activation, and speculate that atherosclerosis may develop preferentially in regions of disturbed flow because of a reduction in miR-10a expression 25 . In addition to targeting several components of the NF-κB pathway, miR-10a can also directly target the pro-inflammatory cytokine IL-12p40 in mouse dendritic cells 44 , and we provide evidence that IL-12p40 is also suppressed by miR-10a over-expression in monocytic cells. Our findings suggest that miR-10a secreted from ECs inhibits monocyte activation, and therefore loss of miR-10a in ECs during atherogenesis 45 Figure 7 
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